The masticatory motion, whereby food introduced into the mouth is processed into a bolus suitable for swallowing, can be divided into successive masticatory cycles, each comprising a downward movement and a subsequent upward movement of the mandible. Its paths show considerable intra-individual variability with changes in the stages of mastication (Mongini et al. 1986) , as well as the consistency of food (Lundeen and Gibbs 1982; Pröschel and Hofmann 1988) . The central pattern generator of mastication and the associated motoneurons generate the motor program, and sensory feedback from a variety of epithelial, periodontal, articular, and muscular receptors is used to modify the program, leading to variations in the motion paths (reviewed in Lund 1991) .
Although a large number of muscles including masticatory and suprahyoid muscles are involved in masticatory motion of the mandible, and some of these are further compartmentalized for differential activation (Blanksma et al. 1997; Phanachet et al. 2001 Phanachet et al. , 2003 , the human mandible can actually perform 6 degrees of freedom (DOF) movement due to the deformable joint surface and the slack articular capsule of the temporomandibular joint (Koolstra and van Eijden 1999) . The number of muscles and their compartments, which can be controlled individually in the process of mastication, is well over the DOF of the movement. Thus, the human masticatory system is mechanically redundant, which means that there are an infinite number of muscle activation patterns that cause the same movement.
There is increasing evidence for muscle synergy which effectively decreases the number of controlled DOF in such a mechanically redundant system. For instance, Brochier and coworkers (2004) reported the significant correlations among the activation patterns of the hand muscles during performing hand-grasping task in monkey. Their result suggested that the dimensionality of the control signal may be smaller than the number of muscles, by means of organizing muscle synergies, as well as integrating sensory feedbacks.
However, as for mastication, evidence for the existence of muscle synergies is scarce, partly due to the difficulties in simultaneous recording of the electromyographic (EMG) activities from all the muscles involved. Actually, only a few studies in rabbits had suggested the existence of muscle synergies. For instance, Weijs and coworkers (1999) studied the variability of the motor outputs during mastication by using principal component analysis (PCA), which is a statistical method used to reduce the dimensions of data, and reported that 70% to 90% of EMG variance could be accounted for by only 3 principal components (PCs). Another recent PCA-based study in rabbit has also shown that EMG activity patterns at 16 jaw muscle sites including 9 sites within the hemilateral masseter were clustered into 3 to 6 groups during various rhythmic oral behaviors induced by electrical cortical stimulation (Widmer et al. 2003) . The findings of these studies indicate that jaw muscles and their compartments are commonly activated as groups, and that the number of the groups were small, i.e., no more than 6.
In case the muscles and their compartments are organized into synergic groups in which the muscles receive common motor drive, the number of the controlled DOF is equal to the number of groups, and thus, a movement elicited by such synergic groups of muscles can be approximated as a superposition of the same number of independent, uncorrelated movements. However, no previous study had performed on the variability of masticatory motion from the perspective of the dimensionality of motor control.
We analyzed the variability of the masticatory motion, rather than to examine the EMG patterns to approach the problem of the existence of muscle synergy, based on the hypothesis that a motion elicited by a limited set of muscle synergies can be approximated as a superposition of the same number of independent motions. We adopted elliptic Fourier descriptors (EFD), which delineate any type of shape with a closed two-dimensional contour (Kuhl and Giardina 1982) , to define a mastication-related mandibular motion path. PCA was performed to transform variability of the paths into a smaller number of uncorrelated, independent variables, i.e. PCs.
Materials and Methods

Subjects
Eight healthy males, aged 25 to 31 (mean, 27.3 ± 2.4) years, participated in this study. All subjects possessed complete natural dentitions except 3rd molars, and declared themselves to be in good health according to the World Health Organization criteria. The exclusion criteria for subjects included existing or previous signs and symptoms of temporomandibular disorders and similar disorders that may affect mastication. The study protocol was approved by the Human Ethics Committee of the Tohoku University Graduate School of Dentistry, and was conducted in accordance with the Declaration of Helsinki. All subjects provided written informed consent prior to their entry into the study.
Experimental Protocol
The subjects were sat in a chair with their head unrestrained and with their Frankfort horizontal (FH) planes parallel to the floor. They were asked to perform side-imposed mastication of two different test foods on their preferred sides. A stick of chewing gum (Cool Mint Gum, Lotte Co., Japan) was chewed for 30 sec. A piece of gummy candy (Puré gummy, lemon-flavored, Kanro Co., Japan) was chewed until it could be swallowed. Mastication of gum and gummy candy was repeated 4 and 2 times, respectively.
The motion of a magnet attached to the bilateral mandibular central incisors was recorded by using a magnetoelectric jaw-tracking device (K7/CMS, Myotronics-Noromed Inc., Tukwila, WA, USA). The sensor array of the device and the magnet were aligned by utilizing a custom-made face bow such that the horizontal reference plane of the device ran parallel to the FH planes of the subjects. The analog outputs from the device were fed into a PC through a 12-bit analog to digital converter with a sampling frequency of 3 kHz.
Data Analysis and Statistics
The averaged two-dimensional coordinates of the lateral and superoinferior movements of the magnet were calculated every 50 msec. The resultant reduction in the measurement noise was equivalent to 0.02 mm. Subsequently, the averaged coordinate of the magnet at maximum intercuspation of the teeth was subtracted from the entire recording; this resulted in the alignment of the origin with the intercuspal positions of the jaw. The individual masticatory cycles were then identified using custom-made software (Fig. 1A) .
A closed curve was then obtained for each cycle by connecting the origin and both ends of the open curve of the masticatory-cycle path. The closed curve starting from the origin was then encoded with a Freeman chain code (Freeman 1974) , which is a method for describing a curve using a sequence of numbers (0-7) representing the vector from one data node to the next.
The coefficients of EFD were calculated by the discrete Fourier transformation of the chain-coded curve using the procedure proposed by Kuhl and Giardina (1982) , and these were normalized to be invariant to size, rotation, and starting point of the curve, with the procedure based on the ellipse of the first harmonic. In this study, masticatorycycle paths were approximated using the first 20 harmonics, i.e., 80 coefficients. After the normalization, 3 coefficients were constant, and thus, 77 coefficients of normalized EFDs were derived from a closed curve as variables representing the mandibular motion path of a single masticatory cycle.
The variation in the paths during mastication of gum and gummy candy was evaluated for each subject as well as for all the subjects using PCA based on a variance-covariance matrix of the coefficients. The variation in the paths accounted for by each principal component (PC) was visualized as a reconstructed curve by inverse Fourier transformation (Rohlf and Archie 1984) .
The processes describing chain-coded curves using normalized EFDs and PCA were performed using an elliptic Fourier analysis software, "SHAPE on R" (Iwata and Ukai 2002) , which ran on a statistical computing environment, "R, version 1.9.1" (R Foundation for Statistical Computing, Vienna, Austria).
The intra-individual differences of each of the PC scores between the two different test foods were tested by means of a Wilcoxon matched-pair signed rank test. Statistical significance was set at a probability level of 0.05.
Results
Data was recorded for an average of 61.1 (ranging from 46 to 75) masticatory cycles for gum and 37.3 (ranging from 25 to 44) cycles for gummy candy. Although the masticatory-cycle paths showed intra-and inter-individual vari-ation, they were successfully captured with EFDs using the first 20 harmonics (Fig. 1C) .
PCA of EFDs revealed that the first PC explained 71.5% to 86.9% of the variance in the paths. Based on the scree plots, the first 3 PCs in each subject were chosen as the factors contributing to the variability. An average of 93.0% (range, 88.2% to 96.4%) of the variance was accounted for by these 3 PCs (Table 1) .
The reconstructed curves indicated that the 1st PC was related to the change in the ratio of degree of vertical excursion to that of lateral excursion in every subject. The 2nd and the 3rd PCs were related to the reciprocal changes in the degree of lateral excursion at the narrow and wide jaw opening, and the curvature of the paths of jaw opening and closing, respectively (Fig. 2) .
In 4 (1, 2, 3, 7) of the 8 subjects, significant differences were found in the 1st PC scores between the chewing of gum and that of gummy candy. In 5 subjects (1, 3, 6-8), the PC scores associated with the reciprocal changes in the degree of the opening and closing excursions were significantly different between the 2 different test foods. In 6 subjects (2-7), the scores of the other PCs that were related to the reciprocal changes in the degree of lateral excursion at the narrow and wide jaw opening were significantly different.
When PCA of EFDs was performed for the pooled masticatory cycles of all the subjects, the 1st, 2nd, and 3rd PCs explained 83.5, 7.2, and 4.8% of the variance in the paths, respectively, and their cumulative value was 95.6%. The 3 PCs were related to the same changes of the paths as described above.
Discussion
Studies on masticatory-cycle kinematics in humans involve both qualitative analysis and quantification of their features. In qualitative, descriptive studies, masticatorycycle paths were often classified into several types (Arlgren 1966) , and their frequencies of appearance were discussed in relation to various factors, including dental occlusal morphology (Shiga et al. 2009 ) and chewing performance (Pröschel and Hofmann 1988) . In contrast, quantitative studies focus on several features of masticatory kinematics, such like the maximum excursion in superoinferior, lateral, and anteroposterior directions, cycle durations, velocities, accelerations, and the angles between the closing paths and the occlusal planes (Bates et al. 1975) . As already stated by Buschang et al. (2000) , an evident drawback of these methods is that a large amount of information about the overall masticatory-cycle kinematics is discarded.
Another less apparent drawback of the methods used in previous quantitative studies is that they used arbitrarily chosen points of the masticatory cycle, e.g., the points where the vertical/lateral excursions were the largest, for the analyses of the variations or steadiness of the motion. In this perspective, their methods could be comparable to the conventional morphometrical approach for landmark data, PC1 through PC3 represent the first to the third principal components. Each datum is the proportion of variance in percentage explained by the principal component, with the cumulative proportion of variance in parentheses. The variation in chewing paths accounted for by each principal component (PC) in two subjects (5 and 8). PC1 through PC3 represent the first to the third principal components. Broken line represents the "mean" path reconstructed from the coefficients calculated by setting the values of all the PCs as zero. Solid and dotted lines represent the trajectories in the case wherein only the corresponding PC value is altered to plus or minus two times the standard deviation, respectively. In subject 5, the 1st, 2nd, and 3rd PCs were good measures of the ratio of degree of vertical excursion to that of the lateral excursion, the curvature of the paths of jaw opening and closing, and the degree of lateral excursion at the narrow and wide jaw opening, respectively. In subject 8, the 1st and the 3rd PCs were good measures of the ratio of degree of vertical excursion to that of the lateral excursion, and the curvature of the paths of jaw opening and closing, respectively. The 2nd PC was related to the reciprocal change of the degree of lateral excursion at the narrow and wide jaw opening, although it also had a minor effect on the curvature of the paths of jaw opening and closing. Note that in subject 8, to increase the score of the 1st PC lets the masticatory-cycle path change from "regular" tear-drop shaped type into the "reversed" one. Although these types of masticatory cycles have long been thought to be functionally independent, the current study suggested that they would be included in the typical forms that appeared in the continuous change elicited by a single factor.
where linear distances, angles, and ratios were used for describing the size and shape of complex morphological forms as well as the shape changes between forms. Landmarks are a fixed set of points that have been identified as being homologous across specimens (Rohlf and Marcus 1993) . They are selected as specific points on a form traced according to some rule. Those with the same name, homologues in the purely semantic sense, are presumed to correspond in some comprehendible way with the types of the data set (Slice et al. 1996) . A masticatory-cycle path is a continuous curve without evident demarcations. It is doubtful whether the points used in the previous studies could satisfy the preconditions of landmarks. Instead, we proposed to utilize EFD (Kuhl and Giardina 1982) , which captures over 95% of the variations in two-dimensional forms (Lestrel 1989) , to describe masticatory-cycle kinematics. This method is advantageous in that much information of the paths is preserved this way, and that no knowledge of homologous features for specifying landmarks is required. In this study, EFD could capture masticatory-cycle path in detail, confirming the prior research by Ferrario et al. (1990) . The method would also be useful in studying the association of between changes in masticatory-cycle kinematics to the oral function including masticatory performance (Wilding and Lewin 1994) .
In this study, three independent variations were found whose linear combinations accounted for an average of 93% of the total variations in the masticatory-cycle paths. Similar results have been reported for various hand movements such as grasping (Santello and Soechting 1997; Santello et al. 1998; Brochier et al. 2004) , typing (Soechting and Flanders 1997) , and handwriting (Sanger 2000) . These results and the results of our study were consistent in that the controlled DOFs of behavioral movements was much lesser than the total number of muscles involved, suggesting the existence of muscle synergies in both mastication and hand tasks. In addition, the extracted variations were similar among the subjects in the current study, suggesting that the subjects utilized identical strategies in controlling masticatory motion.
The apparent limitations of the current pilot study are that the number of experimental subjects is small, the test foods are limited to gum and gummy candy, and that masticatory-cycle kinematics was analyzed as the 2 DOFs motion of a single point, due to the limitation of EFD. Because a jaw performs movements covering 6 DOFs, 4 DOFs of the motion had been excluded in advance. To confirm our findings, further studies are required with a larger number of subjects, various test foods with texture difference, and other method than EFD which delineate 6 DOFs motions.
In conclusion, the current study has revealed that the variations in the human masticatory-cycle paths can be approximated as the linear superposition of three independent variations, which provide indirect evidence for the existence of a limited set of muscle synergies in human mastication.
